The quest for neutrinoless double-beta decay (0νββ) is a promising experimental approach to search for lepton number violation in weak interactions, a key ingredient in generating the matter-antimatter asymmetry through models of Leptogenesis. The 136 Xe-based 0νββ experiments KamLAND-Zen and EXO-200 currently set the most stringent limits on this process using two very different techniques. Each are preparing the next generation experiment, which will search for 0νββ in the parameter space corresponding to the inverted hierarchy for neutrino mass. Both of these techniques scale well to larger volumes while incorporating interesting new techniques. We present the status of current and next generation experiments of these collaborations and present two developments with the potential to identify ββ decay events.
Introduction
Neutrinos are one of the least understood particles in the universe, yet almost as abundant as photons. They only interact weakly, which makes experiments aimed at determining their properties extremely difficult. Neutrinos are electrically neutral, which makes them unique among all known fermions and offers the possibility that they may in fact be Majorana particles, i.e., neutrino and anti-neutrino could be identical particles. The only currently feasible approach to determine the Majorana nature of neutrinos is by searching for the lepton number violating decays, such as neutrinoless double-beta decay (0νββ). A positive observation of 0νββ would demonstrate that lepton number is not a conserved quantity in weak interactions and prove that the neutrino is a Majorana fermion. This new physics would provide a mechanism through Leptogenesis for generating the matter-antimatter asymmetry in the universe, answering the question of why we live in a matter-dominated universe.
Double beta decay occurs in 35 isotopes [1] , but only a few of them are of interest for 0νββ searches due to considerations of endpoint and natural abundance (see [2] for a list of isotopes and past, current and future ββ decay experiments). The Enriched Xenon Observatory (EXO) and KamLANDZen experiments are searching for a 0νββ decay in 136 Xe. Xenon-136 has a relatively high natural abundance of 8.6%, which makes enrichment easier, and the Q value of 2.5 MeV is above most naturally occurring backgrounds.
Once observed, the effective Majorana neutrino mass m ββ can also be extracted from the 0νββ rate Γ
where G 0ν is the phase-space factor and M 0ν is the nuclear matrix element. Both values are provided by nuclear theory, although with sizable differences between nuclear matrix elements calculated in different theoretical frameworks. The sensitivity of experiments is quoted in terms of m ββ as shown in Figure 1 with increased experimental sensitivity corresponding to smaller m ββ . 136 Xe 0νββ decay experiments is shown as cross-hatched band. The allowed parameter space from oscillation experiments is shown as red and blue band for normal and inverted mass hierarchy, respectively.
The EXO and KamLAND-Zen collaborations are currently developing concepts of next generation experiments in parallel to the operation and data taking with the current detectors. Current and future developments will be presented in the following sections.
Current Results
The current half-life limits of EXO-200 and KamLAND-ZEN were used to extract the effective Majorana neutrino mass-limit region using nuclear matrix elements from [3, 4] , which is shown as solid bands in Figure 1 as a function of the lightest neutrino mass eigenstate. Projected sensitivities of EXO-200 final and KamLAND-Zen 800 are shown as hatched bands.
EXO-200
EXO-200 is a liquid xenon time-projection chamber (TPC) located at the Waste Isolation Plant Project (WIPP) in New Mexico, USA. The detector consists of two almost identical TPC halves with a shared, optically transparent, cathode [7] , which creates two drift regions with a drift field of ∼ 400 V/m. The detector is filled with 175 kg of liquid xenon enriched to ∼ 81% in the isotope 136 Xe. A sectioned view of an engineering rendering of EXO-200 is shown on the right side in Figure 2 . Radioactive decays and cosmic radiation deposit energy in the detector volume, ionizing the xenon and creating scintillation light and free electrons, which are drifted towards the anode wire planes. Both, scintillation light and electric charge are read by large-area avalanche photo diodes (APDs) and two wire planes, called u and v wires, respectively. Scintillation-light and charge measurement are used to fully reconstruct the energy of each event, its location within the detector volume, and its multiplicity, i.e., the number of locations at which energy was deposited in each event. Beta events deposit energy predominantly in on location (single-site events), while γs scatter depositing energy at multiple locations (multi-site events). Figure 2 shows the single-site energy spectrum of EXO-200 which is dominated by 2νββ events. The multi-site spectrum (not shown) mainly consists of γ events, which are used to constrain the background models of the single-site fit. Alpha events mainly emit scintillation light and are easily identified and discriminated. The event location allows to optimize the sensitivity of a physics search by adjusting the fiducial volume and taking advantage of the self shielding of xenon. In phase I of data taking with EXO-200, an energy resolution of 1.53 ± 0.06% at the Q-value was achieved [5] . This data set allowed the measurement of the 2νββ half life T 2ν 1/2 = 2.165±0.061·10
21 years [6] , which is the slowest decay rate ever measured directly, and put a limit on the 0νββ half life of T 0ν 1/2 > 1.1 · 10 25 years at the 90% confidence level (C.L.) with a sensitivity of 1.9 · 10 25 years at an exposure of 100 kg-years [5] .
In early 2014, two independent incidents at the WIPP site caused the mine operation and EXO-200 to halt, and only in early 2016 EXO-200 low-background data taking could resume. During this down-time part of the detector's front-end electronics was upgraded and a "deradonator" was installed to reduce the radon concentration in the air gap between the outer cryostat and low-radioactive lead shielding. These upgrades are expected to further improve EXO-200's sensitivity by a factor 2 to 3.
KamLAND-Zen
KamLAND is a monolithic liquid scintillator detector located in the Kamioka Mine in Japan. The original oscillation experiment used one kiloton of liquid scintillator contained in a 6.5 m radius balloon to detect antineutrinos from Japan's nuclear reactors. KamLAND-Zen uses this large scintillating volume as an active shield for a central volume of enriched xenon-doped liquid scintillator contained in an inner balloon with a radius of 3 m.
The inner balloon was installed in 2011, the same year as the great east Japan earthquake and subsequent Fukushima power plant disaster. The first phase of data taking from October 12, 2011 to June 14, 2012 with an exposure of 89.5 kg-year of 136 Xe showed a significant contamination from 110m Ag, a fission product. A purification campaign successfully removed this background. The postpurification phase collected data from December 11, 2013 to October 27, 2015, corresponding to an exposure of 504 kg-year and a sensitivity of 5.6 × 10 25 years. It set a limit of T 0ν 1/2 > 9.2 × 10 25 years and when combined with the pre-purification data set leads to a limit of T 0ν 1/2 > 1.01 × 10 26 at the 90% C.L. This is the leading limit for 0νββ and KamLAND-Zen is the first experiment to surpass the 10 26 year half-life. The success of KamLAND-Zen has shown that the advantages of the liquid scintillator technique: large masses, self-shielding and fully contained energy depositions, can make up for the relatively poor energy resolution. The KamLAND-Zen experiment is in the process of installing a new slightly larger mini-balloon to hold ∼800 kg of 136 Xe. Data taking for KamLAND-Zen 800 is expected to start in the next year. This is the first step in KamLAND-Zen's ton-scale program that includes a major upgrade to the detector described in the next section. 
Tonne-Scale Experiments
In order to make a definitive search for 0νββ in the inverted mass-hierarchy, target masses on the order of a few tonnes are required. Several collaborations are developing detector concepts to probe this parameter space. KamLAND2-Zen and nEXO propose to search for 0νββ in 136 Xe deploying 1 tonne and 5 tonnes of enriched Xe, respectively. Their projected sensitivity limit is show as a crosshatched band in Figure 1. 
nEXO
The nEXO detector concept is based on the success of EXO-200. The detector is anticipated to be deployed at SNOLAB in Ontario, Canada, where the Nobel Prize winning SNO detector was located. An artist rendering of the detector is shown in Figure 4 . nEXO is being designed as a cylindrical, monolithic, single-volume, liquid xenon TPC with a drift field of 400 V/cm deploying 5 tonnes of xenon enriched in 136 Xe at ∼90%. A segmented anode with perpendicular x and y channels collects the charge signal, while scintillation light is recorded by Silicon Photon Multipliers (SiPMs). These photon detectors are mounted outside of the field shaping rings, but inside the liquid xenon volume, covering the area of the cylindrical detector wall (∼ 4 m 2 area). SiPM devices sensitive to Xe-scintillation light at 175 nm are currently being developed and tested by the nEXO collaboration [10] .
Simulations of nEXO, based on EXO-200 and radio-assay data, predict a sensitivity to T 0ν 1/2 of 9.5 · 10 27 years after 10 years of data taking. The resulting sensitivity to the effective Majorana neutrino mass is shown as a cross-hatched band in Figure 1 for different matrix elements [4, 3] . This assumes an improved energy resolution of 1% at the Q-value, which is achieved by improved light detection and electronics. nEXO, like EXO-200, will fully reconstruct event energy, location, multiplicity, and topology. This sophisticated reconstruction in conjunction with the self-shielding of xenon will significantly increase nEXO's sensitivity in comparison to an experiment deploying a similar target mass of a different isotope in many small-volume detectors. The cryostat is submerged in a water tank which acts as active shielding. SiPMs will be mounted between field shaping rings and detector wall.
KamLAND2-Zen
KamLAND2-Zen's focus is an improvement in the energy resolution from ∼ 4% √ E to ∼ 2% √ E. The detector has been running continuously for more than 15 years and is due for a major refurbishment. As part of this work the detector will be drained and the main spherical tank will be inspected. The improvement in energy resolution comes from the installation of new high quantum efficiency photomultiplier tubes with Winston cones and higher light yield LAB-based liquid scintillator. The R&D indicates that these three improvements boost the light collection efficiency by factors of 1.9, 1.8 and 1.4 respectively.
The improvement in energy resolution is complemented by a modest increase in the isotope mass to bring the total to 1 tonne and new electronics to improve the tagging of the muon spallation background from 10 C. More novel background techniques involving scintillating balloon film and a secondary imaging system are also being explored. The goal of the KamLAND2-Zen phase is to reach 20 meV.
Beyond the Ton-Scale
The increase in sensitivity in future 0νββ searches will be limited by the available target mass. Advanced technologies may provide a path forward towards probing further into the normal neutrino-mass hierarchy. These technologies must suppress β, γ and even solar neutrino backgrounds which ultimately limit a detector's sensitivity to 0νββ.
Two approaches are presented with the potential to identify ββ events by either probing the decay volume for the existence of the 136 Xe decay daughter 136 Ba, or by applying directionally sensitive liquid scintillator.
Barium Tagging for 0νββ searches
Ba-tagging is being developed for application in a monolithic xenon TPC and describes the following concept: when a 0νββ-candidate event is recorded it is localized instantly and a small volume surrounding the event's location is extracted from the detector volume and probed for the presence of a Ba-ion. If a 136 Ba is found, the event is considered for the 0νββ search, otherwise it is classified as background. This unambiguous identification of events at the Q-value as ββ or background events increases the detector's sensitivity without increasing its mass, however, more significant is the ability to confirm an observed 0νββ signal as originating from true ββ-decay events.
Ba-tagging has been proposed by [11] and various approaches are pursued by the nEXO collaboration using a tip or cold probe to extract 136 Ba from the volume [12, 13] (see [14] for a proposed technique to identify Ba inside the detector). An alternative approach proposes to move a capillary Figure 5 : Schematic of the setup to extract Ba-ions from xenon gas and identify them by means of laser-fluorescence spectroscopy. Ba-ions are produced through laser-ablation at a source target located in xenon gas and extracted into vacuum by a combination of RF funnels. The mass spectrometer is proposed for systematic ion-extraction studies. Gas-flow calculation courtesy of V. Varentsov.
close to the event location and flush the 136 Ba-ion out of the detector with liquid xenon. Once outside the detector, the xenon undergoes a phase transition and a radio-frequency (RF) ion funnel is applied to separate ions from the neutral xenon gas. Following the extraction into vacuum, the Ba-ion will be captured in a linear Paul trap and identified through isotope-selective laser-fluorescence spectroscopy. Such a system is currently being developed collaboratively by Carleton University, McGill University, and TRIUMF and is based on an RF ion funnel developed at Stanford University. This RF-funnel allowed the extraction of ions, produced by either a 148 Gd α or a 252 Cf fission source, from xenon gas of up to 10 bar into vacuum [15] , achieving for the first time ion extraction from such high pressures. In parallel, an element-sensitive fluorescent laser spectroscopy technique on Ba-ions trapped in a linear Paul trap has been developed and individual trapped Ba-ions were identified [16] . The RFfunnel ion-extraction and fluorescent laser spectroscopy setup will be further improved and combined to demonstrate the feasibility of the proposed approach. For future studies, the radioactive ion source will be replaced with a surface laser-ablation ion source to selectively create Ba ions for extraction studies. A schematic of the proposed setup is shown in Figure 5 . A multi-reflection time-of-flight mass spectrometer will be added to allow for identification of ions other than barium, which is of interest for ion-extraction and ion-transport studies.
Significant progress has been made in the development of Ba-tagging techniques, especially Ba-ion identification through laser-fluorescence spectroscopy has achieved a sensitivity on the one to three ion level. Further efforts will focus on implementing this development in a workable Ba-tagging technique, which is sensitive to individual ions in tonnes of xenon. Ba-tagging is a great challenge, however, the significant increase in sensitivity to T 0ν 1/2 and the possibility to identify events as true ββ decays makes it a powerful tool that can be applied to a future nEXO-like detector.
Directional Liquid Scintillator
The next step in the KamLAND program is Super-KamLAND-Zen with a target sensitivity of 8 meV. The increased sensitivity comes from installing 40 tonnes of pressurized xenon-doped liquid scintillator into the center of Super-Kamiokande. This would be coordinated with the start of Hyper-Kamiokande. The pressurization is needed to increase the xenon concentration in the mini-balloon. This allows an increase in mass while maintaining background levels since most backgrounds scale with volume. The R&D has already begun both on the light yield of this pressurized xenon scintillator and on the engineering of this balloon.
At this size and target sensitivity, the background from 8 B solar neutrinos is non-negligible. The ability to reconstruct the direction of the ∼MeV electrons would be a powerful background rejection tool for both this and other backgrounds and would be revolutionary for large-scale liquid scintillator detectors in general. Direction reconstruction relies on the ability to separate the Cherenkov and scintillation light. The composition of a liquid scintillator cocktail determines an absorption cutoff, photons with wavelengths' shorter than this wavelength become part of the isotropic scintillation light, but photons with wavelengths longer than this cutoff propagate undisturbed and retain their directional information. Ref. [17] showed that this separation could be obtained and the direction of ∼MeV electrons could be reconstructed if photo detectors with ∼100 ps timing were used, see Fig. 6 . The separation is improved with red-sensitive photo cathodes and scintillator emission spectra narrowed using novel wavelength shifters like quantum-dots. The CHESS experiment recently demonstrated Cherenkov/Scintillation separation in an LAB-based cocktail using a bench-top apparatus and cosmic muons [18] . A prototype detector called NuDot is being constructed at MIT to demonstrate this technique on the ton-scale.
Conclusion
The search for 0νββ decays is an exciting quest to investigate if neutrinos are Majorana particles. Current generation experiments, such as KamLAND-ZEN and EXO-200, are probing the degenerate hierarchy parameter space down to about 60 meV. With the advent of tonne-scale experiments, this limit will be pushed below 10 meV, hence fully probing the inverted mass hierarchy. Depending on the nature of the neutrino, a ground-breaking discovery is within reach of next generation 0νββ detectors. It is an exciting time for 0νββ decay searches. 
